The relations of nutritional factors to lead accumulation in the body were examined cross-sectionally among 747 men aged 49-93 years (mean 67 years) in the Normative Aging Study in 1991-1995. Means (standard deviations) for blood lead, tibia lead, and patella lead were 6.2 (4.1) /xg/dl, 21.9 (13.3) pig/g, and 32.0 (19.5) /xg/g, respectively. In multiple regression models adjusting for age, education level, smoking, and alcohol consumption, men in the lowest quintile of total dietary intake levels of vitamin D (including vitamin supplements) (<179 lU/day) had mean tibia and patella lead levels 5.6 /xg/g and 6.0 /xg/g higher than men with intake in the highest quintile (>589 lU/day). Higher calcium intake was associated with lower bone lead levels, but this relation became insignificant when adjustment was made for vitamin D. The authors also observed inverse associations of blood lead levels with total dietary intake of vitamin C and iron. When analyses were controlled for patella lead, age, smoking, and alcohol consumption, men in the lowest vitamin C intake quintile (<109 mg/day) had a mean blood lead level 1.7 /u.g/dl higher than men in the highest quintile (>339 mg/day), while men in the lowest iron intake quintile (<10.9 mg/day) had a mean blood lead level 1.1 jug/dl higher than men in the highest quintile (>23.5 mg/day). This study suggests that low dietary intake of vitamin D may increase lead accumulation in bones, while lower dietary intake of vitamin C and iron may increase lead levels in the blood. Am J Epidemiol 1998;147:1162-74.
The role of nutritional status in altering susceptibility to lead toxicity has long been recognized. Mounting evidence has suggested that several nutritional factors interact with lead in intestinal absorption, in mobilization and distribution of lead between osseous and nonosseous tissues, and in retention and excretion of lead in the body. Intensive reviews on this topic can be found elsewhere (1) (2) (3) . In general, research has mainly focused on the effects of calcium, iron, vitamin D, and total food intake. Diets low in calcium (4) (5) (6) and iron (7) have been observed to increase lead uptake from food and to enhance body accumulation of lead. Experimental studies (8, 9) have shown that vitamin D enhances intestinal absorption of lead. Lead ingested during fasting is absorbed to a much greater extent than lead ingested with food (10) . Variations in dietary protein and fat content have been reported to affect the fraction of lead absorbed (11, 12) . In addition, animal studies have suggested that diets with a high zinc content enhance lead removal from erythrocytes (13) , while excessive phosphorus in the diet results in an increased concentration of lead in soft tissues (14) . Ascorbic acid has been suggested to act as a chelating agent, which enhances the urinary elimination of lead from the body (15, 16) .
Until now, epidemiologic studies on this topic have primarily relied on concurrent blood lead concentration as the biologic marker of lead deposition in the body. However, because about 95 percent of the total body burden of lead in adults is bound in the skeleton, blood lead level is a poor measure of cumulative lead deposition in the body (17) . With the development of in vivo K-x-ray fluorescence (K-XRF) instruments, we measured lead concentrations in the patella bone and tibia bone in a cohort of middle-aged to elderly men with community exposures to lead. A study of major determinants of blood lead and bone lead levels in this population was reported earlier (18) . However, it did not contain any information on the relation of nutritional status to blood lead or bone lead. Information on this subject, particularly in adults, is extremely scant. Given the increasing recognition of the importance of adult bone lead levels as a risk factor for chronic disease, it is important to examine factors that may modify an adult's uptake and excretion of lead. In this study, patterns of long-term dietary consumption were assessed by means of a semiquantitative food frequency questionnaire. This method has been shown to reflect the general pattern of long-term dietary intake better than the 24-hour recall method (19, 20) .
MATERIALS AND METHODS

Study subjects
Study participants were from the Normative Aging Study (NAS), a longitudinal study of aging established by the Veterans Administration in 1963 (21) . Healthy male volunteers from the Greater Boston (Massachusetts) area were screened at entry and accepted into the study if they had no history of heart disease, hypertension, diabetes mellitus, cancer, peptic ulcer, gout, recurrent asthma, bronchitis, or sinusitis. Men who presented with either systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg at entry were disqualified. Between 1963 and 1968, a total of 2,280 men who met the entry criteria were enrolled, ranging in age from 21 to 81 years, with mean age of 42 years at entry. Study participants were asked to return for examinations every 3 to 5 years. At each visit, extensive physical examination, laboratory, anthropometric, and questionnaire data were collected. Beginning in 1991, during the course of each continuing participant's regularly scheduled evaluation at the Department of Veterans Affairs Outpatient clinic in Boston, a fresh blood specimen was obtained for measurement of lead, and permission was sought to take K-XRF bone lead measurements. Consenting individuals reported to the outpatient Clinical Research Center of the Brigham and Women's Hospital in Boston.
Measurement of dietary intake
Dietary intake was assessed with a self-administered semiquantitative food frequency questionnaire adapted from the questionnaire used in the Harvard Nurses' Health Study. A total of 116 food items that account for most of the between-person variability in major nutrients were listed, along with vitamin supplements. For each food item, a commonly served portion size or dosage was specified. Participants were asked to provide information on the average frequency with which food was consumed in the previous year. Nine possible choices were listed for each food item, ranging from "never" to "six or more times per day." To derive the relative intake of a specific nutrient, the amount of nutrient in each food item was obtained from food tables and multiplied by the subject's reported intake frequency for that food item; the products for that specific nutrient were summed over the 116 food items. The frequency of any food with a missing value was counted as zero. The items examined in this study were dietary calcium, vitamin D, iron, phosphorus, zinc, vitamin C, protein, fat, and total energy intake. We separately analyzed total intake, which included vitamin supplements and intake derived only from food sources.
Extensive data on the validity and reproducibility of a similar food frequency questionnaire in men have been published elsewhere (22) . The average correlation coefficient between the energy-adjusted nutrient intakes measured by diet records and the questionnaire was 0.65 after adjustment for week-to-week variation in diet record intake. Correlation coefficients for nutrient intake assessed by questionnaires one year apart were in the range of 0.5-0.7 for the nutrients we examined in this study.
Bone lead and blood lead measurements
Bone lead measurements were taken at two bone sites, the mid-tibial shaft and the patella, with an ABIOMED K-XRF instrument (ABIOMED, Inc., Danvers, Massachusetts). The tibia and patella have been targeted for bone lead research because these two bones consist mainly of pure cortical and trabecular bone, respectively, which represent the two main bone compartments. A technical description and validity specifications of this instrument have been published elsewhere (23, 24) , and a brief summary is provided in the Appendix. This instrument provides an unbiased estimate of bone lead levels (normalized to bone mineral content as /xg of lead per g of bone mineral) and an estimate of the uncertainty associated with each measurement (equivalent to a single standard deviation if multiple measurements were taken). Negative estimates of bone lead concentration may occur for lead values close to zero. The technicians who measured the bone lead were blinded to the participant's health status.
Blood samples were obtained and analyzed by graphite furnace atomic absorption spectroscopy (GF-AAS, ESA Laboratories, Chelmsford, Massachusetts). Values below the minimum detection limit of 1 jxg/dl were coded as "0." The instrument was calibrated after every 21 samples with National Bureau of Standard Blood Lead Standards materials. Ten percent of samples were run in duplicate; at least 10 percent of the analyses were controls and 10 percent blanks. In tests on reference samples from the Centers for Disease Control and Prevention, precision (the coefficient of variation) ranged from 8 percent for concentrations from 10 to 30 /xg/dl to 1 percent for higher concentrations. In comparison with a National Bureau of Standards target of 5.7 /xg/dl, 24 measurements by this method gave a mean of 5.3 /xg/dl (standard deviation (SD) 1.23 jLig/dl).
Data analysis
To minimize extraneous error in estimating specific nutrient intake due to individual differences in total food intake and to reduce potential confounding by total food intake, all of the nutrients examined in this study were adjusted for total energy intake. The calorie-adjusted nutrient intake for each individual was computed by taking the residual from the regression model in which total caloric intake was the independent variable and the observed nutrient intake was the dependent variable, plus a constant equal to the expected intake of the specific nutrient for the mean caloric intake of the study population. Because most of the nutrient intakes were strongly skewed toward the upper end, the regression models to calculate energyadjusted nutrient intake were performed in the log e scale to improve stability over the whole range of nutrient intake level (20) .
Multiple regression models (25) were used to examine the relation between nutrient intake and patella lead, tibia lead, and blood lead levels. We first constructed regression models that included only nonnutrient variables. Variables that were known to predict levels of bone lead or blood lead or were suspected to confound the lead-nutrition association were age, education level at enrollment, smoking status measured as pack-years, alcohol consumption, and race (18) . For continuous covariables, generalized additive models were applied to examine the shapes of associations with bone lead and blood lead levels, and necessary transformation or stratification was carried out accordingly. Age was treated as a continuous variable on the basis of an apparent linear association with levels of all of the lead biomarkers; smoking status was categorized into five groups, as shown in table 1; and alcohol consumption was dichotomized into groups of above or below 15 g/day to accommodate nonlinear relations with blood lead and bone lead levels. Age was further centered to the mean age of this population, in order to have a model intercept that can be easily interpreted and to minimize its standard error. Regression models of tibia lead, patella lead, and blood lead levels were selected by stepwise methods. Groups of variables with partial R 2 which met the 0.15 significance level for entry were selected. Models predicting bone lead incorporated weights based on the inverse of the square of the individual estimates of bone lead uncertainty. In addition, because lead in bone (especially trabecular bone) contributes significantly to blood lead levels, as demonstrated in our previous study (18) , patella lead was added to the model predicting blood lead levels.
We next examined the association between each nutrient intake and tibia lead, patella lead, and blood lead levels separately, after adjustment for the nonnutrient variables selected in the preceding stage. For each energy-adjusted nutrient, study subjects were equally divided into quintiles before we examined the shape of their underlying associations with bone lead and blood lead levels. Parsimonious models selected by a stepwise method were presented to summarize the results.
Measurement uncertainty in an independent variable biases the variance of its parameter estimate toward the null. Each estimate of bone lead generated by a KXRF measurement is accompanied by an individual estimate of measurement uncertainty. To minimize the effect of misclassification and to derive adjusted parameter estimates of bone lead, a weight factor that is the reciprocal of the square of the measurement uncertainty had to be incorporated into models of blood lead that included bone lead as an independent variable.
RESULTS
Of the 1,703 subjects who were seen for their regularly scheduled visits during the period between June 1991 and December 1995, 753 men participated in the KXRF bone lead substudy and had data on all variables of interest. The most common reason given for nonparticipation was the inconvenience involved in making another visit to the bone lead laboratory on a separate day. Participants in the bone lead study were not different from nonparticipants with respect to age, race, pack-years of smoking, alcohol intake, and dietary intake of calcium. Movement of the leg being measured and extreme obesity may result in great measurement uncertainty in K-XRF measurements (25) . To minimize the effect of measurement error, we eliminated six subjects who had uncertainty estimates of tibia or patella bone lead measurements greater than 10 or 15 ^xg/g, respectively. Thus, 747 subjects were available for the analysis. Table 1 gives the distributions of demographic characteristics and blood lead levels. The men included in the study were predominantly white (97.2 percent) and ranged in age from 48.5 to 93.0 years with a mean of 67.2 (SD 7.3) years. The means (SD) of blood lead, tibia lead, and patella lead were, respectively, 6.22 (4.10) /ig/dl, 21.96 (13.26) jug/g, and 32.00 (19.54) fig/g. Seven subjects (0.9 percent) had blood lead levels below the detection limit of 1 /ig/dl. Table 2 shows the distributions of energy-adjusted nutrient intakes. More than 50 percent of the population had dietary intake of calcium and zinc lower than the levels of the US Recommended Daily Allowance (RDA), while about 25 percent had dietary vitamin D intake lower than the RDA.
Bone lead levels at the two sites (tibia and patella) had a correlation coefficient of 0.78 (p < 0.001). Blood lead levels were also closely correlated with both bone lead levels in this population. Most of the nutrient intakes, while highly correlated to each other, were negatively correlated with blood lead levels (table 3) . Consistent with our previous findings (18), older age, lower education level, increased pack-years of cigarette smoking, and increased alcohol consumption were important predictors of bone lead levels. These variables as a group accounted for about 26 percent and 20 percent of the variances in tibia and patella lead levels, respectively. Patella lead level, age, race, packyears of smoking, and alcohol consumption were important predictors of blood lead and as a group accounted for about 17 percent of the variance in blood lead levels. Patella lead level appeared to be the strongest predictor of blood lead level (partial R 2 , 14 percent). Tables 4 and 5 summarize the results of regression models for tibia and patella lead, respectively, in which the associations with each nutrient were examined separately. In general, higher intakes of most nutrients were associated with reduced bone lead levels. Table 4 shows a relation of tibia lead only to vitamin C intake when adjusted for age and to intake of calcium, vitamin D, iron, and phosphorus when adjusted for other variables. Table 5 shows relations of patella lead to intake of calcium, vitamin D, phosphorus, zinc, and vitamin C when adjusted only for age and a similar pattern but weaker relations when adjusted for other variables. As shown in table 6, higher dietary intake of vitamin D, iron, zinc, and vitamin C were associated with lower blood lead levels when adjusted only for age and patella lead. These associations remained when further adjusted for other variables. No relations were observed in any model be- tween either intake of protein, fat, or total energy and lead levels (not shown). When all nutrients associated with either bone lead or blood lead in separate models were considered simultaneously, only intake of vitamin D remained as a significant predictor of tibia and patella lead levels, and only intakes of vitamin C and iron remained significant in the model of blood lead. Table 7 shows the final regression models selected by a stepwise method. By including vitamin D intake in the models of tibia and patella lead, the coefficients of age, education level, pack-years of smoking, and alcohol changed little, but the overall model prediction improved to 29 percent and 22 percent, respectively. Compared with men whose vitamin D intake was below 179 IU/day, men with vitamin D intake of >589 IU/day had average tibia and patella lead levels that were about 5.6 /i,g/g and 6.0 /u,g/g lower, respectively. The results show that men with vitamin D intake in the lowest quintiles had increased tibia and patella lead levels compared with the rest of the population whose levels did not further vary with vitamin D intake. Higher intakes of both vitamin C and iron were associated with lower blood lead level. Compared with men whose vitamin C intake was in the lowest quintile (<109 mg/day), men in the highest quintile (^339 mg/day) had a mean blood lead level that was 1.7 /^g/dl lower. Men in the highest quintile of iron intake (>23.54 mg/day) had a mean blood lead level that was 1.1 /xg/dl lower than men in the lowest quintile of iron intake (< 10.85 mg/day). Including these two nutrients in the model improved the overall model prediction from 17 percent to 21 percent. The associations of vitamin C and iron intake with blood lead levels became slightly weaker but remained significant when patella lead was replaced by tibia lead as an independent variable in the model.
When examining the distributions of dietary intake of vitamin D, calcium, vitamin C, and iron in relation to age, smoking status, and alcohol intake, we found that older men had higher total dietary intake levels of these nutrients, while smokers and heavy drinkers had lower dietary intake. These associations remained when intake from dietary supplements was excluded. Supplement intake alone accounted for about 84, 94, 76, and 51 percent of the variations of total intakes of vitamin D, vitamin C, iron, and calcium, respectively. Supplement intake combined with intake of either whole, skim, or low fat milk, or yogurt accounted for about 86 percent of the variation of total vitamin D intake. Intake of these food items also accounted for more than 80 percent of the variation of the total calcium intake. Neither supplement nor food source intake alone was associated with any biomarkers of lead accumulation at statistically significant levels.
To separate the effects of vitamin D on bone lead levels from calcium, we further classified the population into subgroups according to their vitamin D and calcium intake. Men with dietary intake in the lowest and the highest quintiles were categorized as the low-Nutrition, Bone Lead, and Blood Lead intake and the high-intake groups, respectively, while men in the middle three quintiles were grouped into the moderate-intake group. The predicted tibia and patella lead levels of each category from the final models are summarized in table 8. The highest bone lead levels were observed in the group with low vitamin D and low calcium intake. When calcium intake levels were low, increasing vitamin D intake from low to higher ranges was associated with substantial decreases in bone lead levels. However, this gradient effect of vitamin D was not apparent when calcium intake was in the middle range. Increasing calcium intake levels from low to high did not seem to have a strong effect on bone lead level when vitamin D intake was in the upper four quintiles. We were unable to assess the effect of a low vitamin D, high calcium diet, because there was no subject with such a diet in this study group. Table 9 summarizes demographic characteristics and nutrient intakes of men with vitamin D intake in the lowest quintile compared with the rest of the population. On average, these men were slightly younger and less well educated, consumed more alcohol, were less likely to take multiple vitamin and calcium supplements, and had a lower consumption frequency of skim or low fat milk.
DISCUSSION
In this population of middle-aged to elderly men, of whom 97 percent were white, we observed a significant nonlinear relation of bone lead levels with nutrient intake of vitamin D and of blood lead levels with nutrient intake of vitamin C and iron. These associations remained after adjustment for age, education level, cumulative smoking, and alcohol consumption.
Although previous research has established the validity and reproducibility of the semiquantitative food frequency questionnaire as a tool for estimating average long-term dietary pattern (20, 27) , its measurement of dietary intake is certainly not perfect and may involve considerable measurement error. In addition, because bone lead is a marker of lead accumulated over years to decades, these dietary data can only be expected to provide a rough approximation of dietary intake over the time of interest. Nevertheless, measurement error is unlikely to explain the association we observed because nondifferential misclassification in general biases the true association, if any, toward the null. Selection bias or information bias was not likely to have occurred in this study. Because in this population the exposure level was relatively low and no lead-related symptoms were present, it is unlikely that subjects altered their diet even if they were aware of their exposure status. When only non-nutrient variables were considered, age, education level, smoking, and alcohol consumption explained the variation of bone lead levels in this population, while age, patella lead level, race, smoking, and alcohol consumption were predictors of blood lead level. The effects of race and education on blood lead levels disappeared when dietary intake of vitamin C and iron was included in the model, suggesting that higher blood lead levels observed in blacks and people in the low education group may be partially attributable to different dietary habits. Compared with men in the upper four quintiles of vitamin D intake, men in the lowest quintile were slightly younger and less well educated, consumed more alcohol, and were less likely to take vitamin supplements. The whole milk consumption was comparable between these two groups, but the consumption of skim or low fat milk was much lower in the group with low vitamin D intake. Nevertheless, including vitamin D intake into the models of both tibia and patella lead did not result in significant changes in the regression coefficients of age, education, smoking status, and alcohol consumption, although it did improve the overall model prediction significantly.
The hypothesis that vitamin D modifies the absorption and toxicity of lead was proposed early this century in an attempt to explain the increased incidence of cases of lead poisoning in young children during the summer months (28, 29) . The active form of vitamin D, l,25-dihydroxy-vitaminD 3 (l,25-(OH) 2 D 3 ), itself is known to stimulate intestinal absorption of calcium (8) . However, contrary to what was hypothesized, vitamin D deficiency was found to diminish lead excretion in animal studies (9, 30) , and epidemiologic studies have consistently found that lower dietary intake of vitamin D intake and lower serum vitamin D levels were associated with higher blood lead levels in children (31) (32) (33) .
It is possible that the associations between lower vitamin D intake and increased bone lead levels observed in this study were confounded by calcium intake, because calcium is known to inhibit uptake of lead from the gastrointestinal tract and to reduce lead retention in the skeleton by modifying the bone metabolism. Inverse relations between dietary calcium intake and body lead accumulation have been consistently observed in both experimental studies (5, 34, 35) and epidemiologic studies (31, 36) . In this study, higher calcium intake was associated with lower bone lead levels; however, the magnitude of the effect of calcium was smaller than that of vitamin D, and it disappeared when vitamin D was included in the model.
The mechanism by which vitamin D modifies lead accumulation in bone is unclear. However, vitamin D has been known to play a role in the process of bone formation and resorption. In a previous study, we demonstrated that exercise was associated with lower bone lead levels (37) . It is possible that the association of both vitamin D ingestion and exercise with lower bone lead levels represents a combined effect of stimulated bone formation and decreasing environmental lead exposure. Because lead exposure has been decreasing over time, old bone tissue of subjects can be expected to be relatively lead rich. With either exercise or increased vitamin D intake in subsequent years of reduced environmental lead exposure, this lead-rich bone may then be diluted by the addition of relatively lead-free bone, thereby lowering the overall bone lead concentration. An alternative explanation is that vitamin D intake modifies the kinetics of lead distribution once absorption has already taken place, for example, by preventing incorporation of lead into bone or lowering the residence time of lead that has already been incorporated into bone. The cross-sectional nature of our study did not allow us to examine the plausibility of this explanation. Patella lead appeared to account for the dominant portion of the variance in blood lead level, providing evidence that bone lead was the major source of circulating lead in these men. The fact that lead in the patella (trabecular) rather than in the tibia (cortical) provided a better prediction of blood lead, despite the greater measurement error associated with patella lead measurements, may reflect the higher turnover rates, permeability, and vascularity of trabecular bone.
It has been suggested that the preventive and therapeutic effects of vitamin C reduce the uptake and retention of lead in blood and soft tissues (15, 16) and enhance the efficacy of chelation therapy (16, 38, 39) , although experimental data are not consistent. In a study by Goyer and Cherian (38) , vitamin C was found to have chelating properties similar to those of calcium disodium ethylenediaminetetraacetate (EDTA), and vitamin C in combination with EDTA was more than twice as effective as either chelating agent given alone in removal of total body lead in lead-exposed animals. Epidemiologic data on this topic are relatively sparse, although a strong inverse relation between vitamin C intake and blood lead level was reported in a study of 9,996 subjects in the Second National Health and Nutrition Examination Survey (40) . The mechanism of action is almost unknown, but the formation of soluble complexes of ascorbic acid with lead, which facilitate urinary removal of intracellular lead ions, has been postulated (15, 39) .
Previous experimental studies on animals have demonstrated that low iron intake or serum iron level not only enhances the intestinal absorption of lead but also increases its retention in body tissue (41) (42) (43) . This finding has been supported by several epidemiologic studies (44) (45) (46) although not all such studies (47, 48) . In a recent study of 299 children aged 9 months to 5 years old, Hamman et al. (46) observed a negative association between blood lead level and dietary iron intake. The role of iron in modifying body lead kinetics is still unclear, but it has been suggested that the binding affinity of certain enzymes in red blood cells, such as aminolevulinic acid dehydratase (ALAD), may be influenced by iron status.
In summary, this study suggests that lower dietary intake of vitamin D, vitamin C, and iron enhances the absorption and retention of lead in the body. The influence of vitamin D on bone lead, as opposed to the influence of vitamin C and iron on blood lead, may reflect effects on distinctly different aspects of lead metabolism. In other words, vitamin D may primarily modify bone metabolism, while vitamin C and iron, on the other hand, may act primarily to modify excretion of lead from the chelatable bone pool or that bound in red blood cells, and thus are most closely related to blood lead, rather than bone lead.
Our findings suggest nonlinear relations, in that only the men in the lowest quintiles of nutrient intake had significantly higher bone lead and blood lead levels. It is noteworthy that the lower dietary intakes of almost all of the minerals and vitamins we examined were associated with increased lead accumulation in study subjects, even after adjustment of age, education level, smoking and drinking habits, and race. The possibility of residual confounding effects by socioeconomic status cannot be ruled out. It has been reported that blood lead and bone lead levels are consistently higher in black, inner-city, and low income and low education groups (49, 50) and that these populations are also more likely to have poor nutrition. Given the relatively homogeneous racial and socioeconomic characteristics of this study population, it may not be possible to generalize our results to other extreme populations. This uncertainty may have significant public health implications, because low-level lead exposure is still ubiquitous, and advances in both laboratory medicine and epidemiology over the past decade have demonstrated that a safe threshold below which lead exposure has no toxic effect may be extremely low or even nonexistent. Low-level lead exposure has been associated with elevated blood pressure, renal dysfunction, and anemia in adults and with cognitive and behavioral deficits in children (51) (52) (53) (54) (55) . Nutritional intervention should be evaluated as an effective strategy to reduce the impact of low levels of lead exposure.
